In the developing brain, the production of neurons from multipotent precursors must be carefully regulated in order to generate the appropriate numbers of various differentiated neuronal types. Inductive signals from extrinsic elements such as growth factors need to be integrated with timely expression of intrinsic elements such as transcription factors that define the competence of the cell. The transcriptional Mediator complex offers a mechanism to coordinate the timing and levels of intrinsic and extrinsic influences by acting as a rapid molecular switch for transcription of poised RNA pol II. The epithalamus is a highly conserved region of the vertebrate brain that differentiates early and rapidly in the zebrafish. It includes the pineal and parapineal organs and the habenular nuclei. Mutation of the Mediator complex subunit Med12 impairs the specification of habenular and parapineal neurons and causes a loss of differentiation in pineal neurons and photoreceptors. Although FGF ligands and transcription factors for parapineal and photoreceptor development are still expressed in the pineal complex of med12 mutants, FGF signaling is impaired and transcription factor expression is reduced and/ or delayed. We find that the timely expression of one of these transcription factors, tbx2b, is controlled by Med12 and is vital for parapineal specification. We propose that the Mediator complex is responsible for subtle but significant changes in transcriptional timing and amplitude that are essential for coordinating the development of neurons in the epithalamus.
Introduction
Human brains consist of hundreds or perhaps thousands of different cell types that are specified and differentiate during embryonic and postnatal development (see reviews in Nelson et al. (2008) ; Stevens (1998) ). How this diversity arises remains elusive and mysterious, however, largely due to the difficulty in studying human brain development. The zebrafish provides a powerful model, amenable to genetic and embryological manipulations, for exploring the developmental basis of cell type specification in the vertebrate brain. In particular, one excellent region for such studies is the highly conserved epithalamus (or dorsal diencephalon). The epithalamus of the zebrafish larva is relatively simple, and consists of the pineal complex and the adjacent paired habenular nuclei (the habenulae) (Guglielmotti and Cristino, 2006; Halpern et al., 2003; Roussigné et al., 2012; Snelson and Gamse, 2009) .
The zebrafish pineal complex can be further subdivided into the pineal organ and the parapineal organ, a group of 10-12 neurons found on the left side of the brain (Concha et al., 2000; Gamse et al., 2002; Liang et al., 2000) . In addition to the parapineal cells, the pineal complex consists of three other cell types, the pineal projection neurons and the pineal cone and rod photoreceptors (Masai et al., 1997) . Recent studies show that Notch and BMP signaling are involved in cell type specification and allocation, which results in proper numbers of each subtype of neuron (Cau et al., 2008; Quillien et al., 2011) . In contrast, little is known about determination of cell fate for parapineal cells, raising the question of how the pineal and parapineal lineages separate from a common population of cells in the pineal complex anlage. Fate mapping experiments suggest a bilateral origin within the anterior medial portion of the pineal complex anlage (Concha et al., 2003) . These presumptive parapineal precursors will eventually coalesce into the parapineal organ and migrate away from the pineal organ. Only a few genes have been implicated in regulating parapineal specification, including tbx2b (from beyond/fby) (Snelson et al., 2008b) and fgf8a (acerebellar/ace) (Clanton et al., 2013) also affects parapineal migration as shown in Regan et al. (2009) ). Another gene, floating head (flh) mainly regulates pineal neurogenesis (Masai et al., 1997; Snelson et al., 2008a) .
The zebrafish habenular nuclei are divided into dorsal and ventral compartments (equivalent to the medial and lateral compartments in mammals), and the dorsal compartment is further subdivided into medial and lateral subnuclei (Aizawa et al., 2005; Amo et al., 2010) . However, it remains largely unknown how habenular progenitors are specified and how they respond to intrinsic and extrinsic cues to elaborate different programs of differentiation, although it appears that the time of the final mitosis, which is Notch-dependent, influences the contribution to the lateral versus the medial subnuclei (Aizawa et al., 2007) .
The Mediator, which is a large multi-subunit protein complex, is a fundamental component of the regulatory machinery for transcription in all eukaryotic organisms, and thus controls homeostasis, cell growth and differentiation (see reviews in Conaway and Conaway (2011); Malik and Roeder (2010) ). By functioning as a bridge, it facilitates information transfer from sequence-specific transcription factors to RNA polymerase II (Pol II) and the basal transcription factors. As a pivotal coordinator for transcriptional regulation, the Mediator complex is responsible for integrating various signaling events into the proper response at the level of RNA transcription, either by transcriptional activation or repression (Conaway et al., 2005; Malik and Roeder, 2005) . Core subunits that are necessary for all functions of the Mediator are essential for cell viability (Tudor et al., 1999; Westerling et al., 2007) . In contrast, inactivation of the subunits of the regulatory Kinase module, consisting of Cdk8, Cyclin C, Med13, and Med12, is compatible with progression of embryonic development but causes diverse organspecific defects (reviewed in Hentges (2011) ). These organ-specific defects resemble deficiencies in particular signaling pathways or dysregulation of specific transcription factors.
Studies in the zebrafish model have shown that Med12 is required for distinct gene-specific functions during development in various tissues and organs, including neural crest, brain, liver, pancreas and kidney (Hong et al., 2005; Rau et al., 2006; Shin et al., 2008; Wang et al., 2006) . Some phenotypes caused by med12 loss of function in zebrafish, mouse, and human can be explained by failure to activate or repress target genes by transcription factors and co-factors, such as Sox9, Gli3, β-catenin, and REST (Ding et al., 2008; Kim et al., 2006; Rau et al., 2006; Zhou et al., 2002) , as well as repression of TGF-β signaling (Huang et al., 2012) . In humans, MED12 mutations are associated with two rare X-linked intellectual impairment syndromes, FG syndrome (also known as Opitz-Kaveggia syndrome) and Lujan-Fryns (LF) syndrome Schwartz et al., 2007) . Also, in frame insertions or deletions (þ12 bp or À 15 bp) in the Opa domain of MED12 are associated with an 1.8-fold increased risk of schizophrenia (DeLisi et al., 2000) . Moreover, missense mutations in MED12 are frequently associated with uterine leiomyomas (Mäkinen et al., 2011) . In sum, Med12 plays very important roles in embryonic development and human health, and so understanding how it controls transcription and growth factor signaling is a high priority.
Here we analyze a new zebrafish med12 allele identified in a genetic screen for parapineal development. We show that med12 mutants exhibit multiple defects in the development of the epithalamus, including failure of parapineal specification and disruption of cell differentiation and/or maintenance of specific cell types in the pineal organ and the habenula. We propose a model whereby Med12 orchestrates various aspects of developmental processes by interacting with RNA Pol II to precisely control the temporal activation of a suite of transcriptional regulators at distinct steps during the formation of the zebrafish epithalamus.
Materials and Methods

Zebrafish strains and maintenance
Zebrafish were raised at 28.5 1C on a regular light/dark (14/10 h). Embryos were obtained from natural matings and staged according to morphology as hour-or day-post-fertilization (hpf or dpf). The following fish lines were used: wild-type (AB n ), Tg[foxd3:GFP] zf104 (Gilmour et al., 2002), TgBAC[flh:kaede] vu376 (Clanton et al., 2013) , Tg (Molina et al., 2007) , tbx2b/lor p25bbtl (lots-of-rods;
Alvarez-Delfin et al., 2009), med12/kto y82 (Hong et al., 2005) , and med12/kgt vu304 (king tut; this study)
Whole-mount in situ hybridization
Whole-mount in situ hybridization (WISH) was performed as described. Probes used are detailed in the Supplementary information (Table S1 ).
Whole-mount immunohistochemistry
Embryos and larvae were collected at the indicated stage and fixed overnight in 4% paraformaldehyde in PBS, permeabilized with Proteinase K according to their stages. Antibodies were incubated overnight at 4 1C in blocking solution (PBS-Triton with 10% sheep serum and 1 mg/ml BSA). The use of primary and secondary antibodies was followed as described (Clanton et al., 2013) . Confocal images were taken with a Zeiss LSM 510 microscope and processed using Improvision Velocity software.
TUNEL assay
Embryos were fixed and dehydrated the same as WISH samples. The procedures of TUNEL staining were carried out following the manufacturer's suggested protocol (ApopTag Red In Situ Apoptosis Detection Kit; Millipore Cat# S7165).
Results
King tut/med12 mutants fail to specify parapineal cells
In a forward genetic screen for zebrafish mutants with parapineal defects, we identified a mutant lacking the parapineal organ, which we named king tut (kgt vu304 ) owing to its phenotype of paralysis that causes it to remain permanently wrapped in the chorion. Subsequent positional cloning by SSLP mapped the kgt vu304 mutation as an A to T substitution that creates a cryptic splicing acceptor site, leading to a 4-bp deletion in the resulting mRNA (Fig. S1 ). This deletion causes a reading frame shift following amino acid position 1615 of the Med12 protein, and is predicted to encode 67 incorrect amino acids ending in a premature stop codon. The predicted Med12 protein encoded by the mutant transcript would completely lack the C-terminal PQL domain, which has been shown to be essential for its activity (Zhou et al., 2002) . The med12/kgt vu304 allele is likely a null mutation since kgt homozygous mutants exhibit identical gross morphology to the med12 null allele, kohtalo (kto y82 ; (Hong et al., 2005) ), as do kgt vu304 /kto y82 transheterozygous larvae (data not shown). Very similar to other previously reported med12 alleles (Guo et al., 1999; Hong et al., 2005; Rau et al., 2006; Shin et al., 2008; Wang et al., 2006) , the kgt homozygotes at 3-4 dpf exhibited multiple defects in various tissues/ organs, including a shortened curly-down body, heart edema, stunted pectoral fins, loss of craniofacial cartilages, and reduced pigmentation (data not shown). We will refer to kgt homozygotes as med12 mutants hereafter for simplicity.
Compared to wild-type (WT), in which the parapineal organ is located at the left side of the pineal organ as revealed by the Tg [foxd3:GFP] transgene, the parapineal organ was completely absent in med12 mutants ( Fig. 1A -B′). To confirm this observation, three other markers for parapineal cells, otx5, gfi1.2, and sox1a, were examined by in situ hybridization. In med12 mutants, otx5 expression was absent from the parapineal cells ( Fig. 1C-C′) ; otx5 expression remained in the pineal cells albeit at a lower level than WT. The parapineal-specific gene gfi1.2 (Dufourcq et al., 2004) showed no expression, indicating a complete loss of parapineal cell fate ( Fig. 1D-D′) . Furthermore, sox1a, a marker for nascent parapineal cells (Clanton et al., 2013) , was not expressed in med12 mutants at 32 hpf when compared to WT, suggesting that there is a failure to specify parapineal fate ( Fig. 1E -E′).
Med12 is required for maintenance or maturation of neurons in the pineal organ
In addition to the apparent loss of parapineal cells, we observed a failure to maintain all cell types in the pineal organ in med12 mutants, including pineal photoreceptors and projection neurons. Compared to 4 dpf WT larvae with abundant Arrestin 3a-positive (Arr3a; also known as Zpr1) cone photoreceptors in the pineal organ, no Arr3a-expressing cells were found at 4 dpf in med12 mutants ( Fig. 2C-C′) . Moreover, the number of rod photoreceptors was significantly reduced in med12 mutants, as shown by staining with Opsin1 ( Fig. 2B-B′ ; labels the outer segments) and 4c12 ( Fig. 2A-A′) . Lastly, the number of projection neurons (labeled by Elavl3, also known as HuC) was drastically reduced by 4 dpf in med12 mutants (Fig. 2D-D′) . The total number of cells expressing Tg[foxd3:GFP] in the pineal complex was decreased in med12 mutants at 4 dpf (39.571.0, n¼12), compared to wild-type (61.571.3, n¼10).
Although photoreceptors and projection neurons were absent at 4 dpf in med12 mutants, these cell types are all present earlier in development. At 2 dpf, the number of pineal photoreceptors (quantified by expression of the cone marker Arr3a and the rod marker 4c12) and projection neurons is comparable between WT and med12 mutants (Fig. S2) . The transcription factor flh is required for neurogenesis in the pineal organ and marks precursors of both projection neurons and photoreceptors (Cau et al., 2008; Masai et al., 1997) . Expression of a TgBAC[flh:kaede] transgene (Clanton et al., 2013 ) is unchanged in med12 mutants (Fig. 2E-E′) . These data suggest that med12 is required for maintenance or maturation of pineal photoreceptors and projection neurons, but is dispensable for initial specification and differentiation of these cells.
Specification of habenular neurons requires Med12 activity
The parapineal organ dictates left-right asymmetry in gene expression, size and the afferent and efferent connections of the flanking habenular nuclei (Bianco et al., 2008; Concha et al., 2003; Decarvalho et al., 2013; Gamse et al., 2005; Kuan et al., 2007) . When the parapineal organ is removed, either by laser ablation or genetic manipulation (e.g. tbx2b mutation), both the left and right habenula develop nearly symmetrically, with rightsided character (Concha et al., 2003; Gamse et al., 2005; Snelson et al., 2008b) . Since no parapineal cells form in the med12 mutant, we examined if habenular differentiation became symmetric. However, it proved impossible to assay asymmetric characteristics in the habenular nuclei, as markers of habenular neurons are not expressed in med12 mutants at 4 dpf, including kctd12.1, kctd12.2, nrp1a, and cadps2, suggesting that the habenular differentiation is disrupted (Fig. 3A-D′) . We also examined kctd12.1 at 2 dpf and found no expression, so it is unlikely that the med12 mutant phenotype stems from developmental delay (Fig. 3G-G′) . Despite these severe disruptions of differentiation, the habenular cells are organized into nuclei in the dorsal diencephalon of med12 mutants (Fig. 3E-E′) .
To further determine if the failure of habenular differentiation in med12 mutants results from earlier defects during habenular neurogenesis, we examined the pan-neuronal marker Elavl3. Interestingly, we found that there were few Elavl3-expressing habenular neurons in med12 mutants at 2 dpf suggesting a disruption in neuron production ( Fig. 3F-F′) . Next we examined the expression of cxcr4b, which has been postulated as a transient marker of habenular progenitors and/or early-born neurons (Roussigné et al., 2009 ). Compared to WT, almost no expression of cxcr4b is observed in med12 mutants at 36 hpf, strongly suggesting that the initial specification of habenular neurons is perturbed (Fig. 3H-H′) . Finally, we examined the expression of the dbx1b gene, which is likely a very early marker of habenular progenitor cells in both zebrafish and mice (SW, BD, EB and JG, unpublished data; Quina et al., 2009) , and found that dbx1b expression was absent specifically from the dorsal diencephalon in med12 mutants (Fig. 3I-I′) . However, weak expression of dbx1b appears at 2 dpf (Fig. 3J-J′) . Altogether, these results indicated that med12 is required for early habenular development, likely in the specification process.
Med12 is required for FGF signaling activation and tbx2b expression during parapineal specification Previous studies showed that mutation of either the T-box transcription factor tbx2b or the extracellular RTK ligand fgf8a led to reduced numbers of parapineal cells. Loss of both tbx2b and fgf8a (i.e. tbx2b; fgf8a double mutants) resulted in failure to form any parapineal cells, a phenotype similar to med12 mutants (Clanton et al., 2013) . Thus, we examined the expression of tbx2b and the activation of the FGF signaling pathway in med12 mutants. Compared to WT at 10 s stage, tbx2b transcripts are present in fewer cells and at lower levels in med12 mutants (Fig. 4A-A′) ; while flh expression remains comparable (Fig. 4B-B′) . To assess activation of FGF signaling, we analyzed the expression of the fgf8a gene, the well-characterized FGF reporter transgene, Tg[dusp6: d2eGFP] (Molina et al., 2007) , as well as MAPK/ERK activation by dpERK immunostaining. In med12 mutants, GFP expression from the dusp6 transgene is strongly reduced when compared to WT (Fig. 4D-D′) . Moreover, in 1 dpf WT embryos, we observe cells showing strong dpERK signal in the pineal complex, while no cells expressing dpERK are found in med12 mutants (Fig. 4E-E′) . We also observed a similar deficit in ERK activation in the trunk region of med12 mutants (data not shown). Expression of fgf8a was unaffected (Fig. 4C-C′) . Therefore, we conclude that the med12 is required for both FGF signaling activation and tbx2b expression in the pineal complex during the specification of parapineal cell fate.
Med12 is required for the activation of photoreceptor transcription factors
The specification of the pineal photoreceptors requires the precise regulation by a group of transcription factors (TFs) (Livesey and Cepko, 2001; Swaroop et al., 2010) , so the gradual loss of photoreceptor markers in med12 mutants could result from dysregulation of these TFs. Thus, we examined the expression of photoreceptor TFs. The expression of nr2e3, which is crucial for the specification of rod photoreceptors (Akhmedov et al., 2000; Haider et al., 2000; Milam et al., 2002) , is expressed at low levels in only a few cells of med12 mutants (Fig. 5A-A′) . Moreover, the expression of neurod, required for survival and differentiation of photoreceptors Pennesi et al., 2003) , is nearly absent in the pineal anlage (Fig. 5B-B′) , while the number of cells that express crx, a essential regulator of photoreceptor development , is reduced (Fig. 5C-C′) . Altogether, these data indicated that med12 is required for proper expression of a number of photoreceptor regulatory genes in the pineal organ.
Cell death cannot account for the absence of mature parapineal and habenular neurons
The lack of a parapineal organ in the med12 mutant could possibly be explained by excess apoptosis in parapineal progenitors, which are found at the anterior end of the pineal anlage (Concha et al., 2003) . Using TUNEL labeling, there was no significant elevation in the number of apoptotic cells in the epithalamus in med12 mutants (avg. 3 cells, n ¼5; Fig. 6A′ ) when compared to WT (avg. 2.6 cells, n ¼5; Fig. 6A ) at 1 dpf. Localized increases in apoptosis are observed at 2 dpf in the tail, anterior telencephalon, and the lens ( Figure S3 ; and as shown previously in (Guo et al., 1999; Hong et al., 2005) . Furthermore, the expression domain of the pineal progenitor marker flh remained unaffected in med12 mutants at 1 dpf (as shown earlier in Fig. 2E-E′) . Therefore it is unlikely that cell death causes the reduced numbers of parapineal or habenular neurons in med12 mutants. Fig. 3 . The med12/kgt mutant shows defects in habenular development. The habenular differentiation markers, kctd12.1, kctd12.2, nrp1a, and cadps2 were all absent in med12 mutants at 4 dpf (A-D′) and 2 dpf (G, G′), while the habenular cells were still present in the dorsal diencephalon in med12 mutants as shown by ToPro3 nuclear staining at 4 dpf (E, E′; habenular nuclei were outlined in white; the dark shadow on the left habenula in E′ is due to an overlying pigment cell). Fewer Elavl3-expressing neurons were observed (F, F′; at 2 dpf) and the expression of cxcr4b was significantly reduced in med12 mutants when compared to WT (H, H′; at 36 hpf). In med12 mutants, the presumptive habenular progenitor marker, dbx1b, was absent early (lateral views, at 28 hpf; I, I′) but reappeared in later stages (at 48 hpf, J, J′).
Wnt inhibitors from the telencephalon are postulated to affect specification of the pineal anlage (Masai et al., 1997) . To rule out cell death in the telencephalon as a cause of parapineal loss in med12 mutants, we prevented apoptosis using the tp53 mutation. In med12; tp53 double mutants, cell death was effectively blocked throughout the embryo (data not shown). Nevertheless, parapineal cells still fail to develop (Fig. 6B-B′) . Moreover, the expression of tbx2b remains significantly reduced in med12; tp53 double mutants, similar to med12 single mutants (Fig. 6C′ , compare to Fig. 4A′ ). Thus, we concluded that excess apoptotic cell death does not cause the defects in the epithalamus of the med12 mutant.
Timely expression of the parapineal specification factor tbx2b requires Med12 activity
In contrast to the reduction of tbx2b expression level in med12 mutants at early somite stages (Figs. 7B and 4A′) , later expression of tbx2b at 1 dpf appeared very similar to WT ( Fig. 7D and E) even though parapineal cells were absent. Given this interesting finding and the essential role of tbx2b in parapineal specification (Snelson et al., 2008b) , we hypothesized that tbx2b activity is only required for parapineal specification during a critical time window between 8-somite (when tbx2b expression appears) and 18-somite stages (when the last mitoses occur in parapineal precursors) (Snelson et al., 2008a) . In other words, if tbx2b activity is attenuated only after this "competence window" (for example, at 24 hpf), we predicted that parapineal formation would be unaffected. To test this hypothesis, we utilized the tbx2b/lor p25bbtl allele, a hypomorphic mutation presumed to be in a regulatory region, as it reduces expression of the tbx2b locus but does not change the coding sequence (Alvarez-Delfin et al., 2009) . In tbx2b/lor p25bbtl mutants, we found that the transcription of tbx2b in the pineal anlage was unaffected at 14-somite stage (16 hpf) and only became downregulated around 1 dpf ( Fig. 7C and F) , similar to observed results in the eye in Alvarez-Delfin et al., 2009. In tbx2b/ lor p25bbtl mutants, the parapineal organ develops with a similar number of cells and position in the brain as WT (Fig. 7G ). This suggests that Tbx2b functions to specify parapineal cell fate within a defined competence window prior to 24 hpf, and Med12 activity is necessary for tbx2b to be activated/expressed in a timely and controlled manner.
Discussion
Our forward genetic screen for genes involved in parapineal formation has identified Med12 as an essential regulator in the development of the epithalamus in zebrafish, a previously undescribed phenotype. Several other mutant alleles of Med12 have been identified and shown to have various developmental defects in multiple tissues, including the neural crest, brain, neutrophils, endodermal organs, and kidney (Guo et (Hong and Dawid, 2011; Treisman, 2001) , our data indicate that cell death is not the cause of the defects in the epithalamus. Rather, they point toward relatively specific disruptions of different developmental processes, including cell fate specification in the parapineal, cell differentiation in the habenula, and cell type maintenance in the pineal, which collectively operate to ensure a correct epithalamic development.
Med12 functions as a hub to coordinate the intrinsic and extrinsic factors that control parapineal specification
The phenotype of complete parapineal loss observed in med12 mutants is very similar to that of tbx2b; fgf8a double mutants (Clanton et al., 2013) . We showed that med12 is required for tbx2b transcription during parapineal specification (Figs. 4A-A′ and 7B) and also for FGF signaling activation during parapineal differentiation (Fig. 4D -D′ and E-E′). As a component of the Mediator complex, it is conceivable that Med12 acts as a coactivator of tbx2b transcription, which is crucial for parapineal specification, and therefore loss of Med12 activity will directly result in the reduction of RNA pol II activity at the tbx2b locus. As for FGF signaling components, med12 deficiency affects the expression of dusp6, a well-known FGF target and feedback inhibitor, and also cause a reduction of dpERK expression in the pineal complex ( Fig. 4D-E′) . Similarly, previous studies of other med12 alleles in zebrafish also showed that the expression of FGF signaling components in the limb buds requires Med12 activity, including etv5b, pea3, and fgf24 (Rau et al., 2006) . Furthermore, the med12 homolog in Drosophila, kohtalo (kto), has been shown necessary for EGFR signaling activation during neurogenesis in the eye, and dpERK levels are strongly reduced in kto-deficient cells (Lim et al., 2007) . Together, these studies and our results indicate a significant role of Med12 in regulating FGF signaling, either by affecting the expression of pathway components (i.e. fgf24 expression in the limb bud), or by modulating MAPK/ERK activation (i.e. dpERK level Fig. 6 . The parapineal and habenular phenotypes in med12/kgt mutants are not due to elevated apoptosis. TUNEL labeling shows no difference in the number of apoptotic cells between WT and med12 mutants in the dorsal diencephalon at 1 dpf (A, A′). The med12;tp53 double mutants lack parapineal cells (B, B′; 3 dpf) and show reduced expression of tbx2b (C, C′; 13 hpf).
in Drosophila eye). We believe that Med12 impinges on MAPK/ERK activation to regulate FGF activity in the pineal complex, and does not affect ligand expression in the epithalamus since fgf8a expression is not significantly changed in med12 mutants (Fig. 4C-C′) . In the future, transcriptome analysis of med12 mutants will reveal if other FGF signaling components, such as the tyrosine kinase FGF receptors, are transcriptionally regulated by Med12 in the pineal complex. In conclusion, we propose that Med12 functions as a hub to coordinate intrinsic and extrinsic factors that control parapineal specification.
A conserved role for Med12 in photoreceptor maintenance
Besides parapineal specification, we showed that the maintenance of pineal photoreceptor development requires Med12 activity, as expression of cone/rod photoreceptor proteins appears normal at 2 dpf but is reduced/absent by 4 dpf (Fig. 2) . It is possible that the affected pineal photoreceptors gradually undergo cell death after they lose their identities, given the smaller size of the pineal organ in the med12 mutant at 4 dpf. In addition, med12 deficiency leads to either decreased transcription (nr2e3, neurod, The dysregulation of these TFs may generate an unstable or incomplete specification state that in the context of perturbed FGF signaling (see below) leads to a failure to maintain the differentiated state of the pineal photoreceptors observed at 4 dpf. A positive role for Med12 during photoreceptor development seems to be conserved in invertebrates. During neurogenesis in the Drosophila eye, kto (the med12 homolog) is required for the activation of Atonal, which has an essential proneural function for the formation of photoreceptor neurons (Jarman et al., 1994 (Jarman et al., , 1995 .
Initiation of vertebrate retinal differentiation is triggered and coordinated by a localized FGF signaling center (Martinez-Morales et al., 2005) , and FGF signaling has also been shown to be important for photoreceptor maintenance in the adult zebrafish retina (Hochmann et al., 2012) . Since the pineal photoreceptors develop normally in fgf8a mutants (Clanton et al., 2013) , it is unlikely that the gradual loss of the pineal photoreceptors in med12 mutants is a direct result of impeded FGF/MAPK/ERK activation. However, adding the disruption of FGF signaling to impaired expression of the photoreceptor gene network may lead to pineal photoreceptor loss of Fig. 7 . Timely activation of tbx2b expression is crucial for the parapineal specification. At 14 s/16 hpf stage, the expression of tbx2b was reduced only in med12 mutants (B), but not in tbx2b/lor mutants (C). Conversely, compared to WT at 1 dpf, the expression of tbx2b in med12 mutants was not significantly changed (D, E); while decreased in tbx2b/lor mutants (F). Formation of the parapineal organ is similar to WT in tbx2b/lor mutants (G; gfi1.2 at 4 dpf).
in med12 mutants. Thus, we propose that Med12 plays a critical role during both photoreceptor specification and maintenance of photoreceptor differentiation. Furthermore, it is tempting to speculate that the retinal defects including coloboma, retinal detachment, and optic nerve degeneration in patients with FG syndrome, a disease caused by missense mutations in med12, may result from a slight but early disruption during development that manifests in the adult (Clark et al., 2009 ).
Med12 controls the timing of gene expression required for epithalamic development
One particular intriguing finding in our study is that Med12 activity is required to activate transcription of tbx2b in a temporally appropriate manner. The specification of parapineal cells occurs during a defined time period of about 5 h (from 8-somite to 18-somite stage), based on our previous study (Snelson et al., 2008a) . Supporting this notion, our data show that an appropriate level of tbx2b expression during this critical "competence window" is indispensible for parapineal specification (Figs. 4A′ and 7B) , while the expression of tbx2b at 1 dpf is not necessary for parapineal formation (Fig. 7E) .
As a key subunit in the kinase module of the mediator complex, Med12 has been shown to be capable of promoting cell-or tissuespecific expression of various developmental genes at defined developmental stages, even though med12 is broadly expressed in space and time (Hong et al., 2005; Philibert et al., 1999; Wang et al., 2006) . Several studies have demonstrated that RNA Pol II pausing is very important to activate genes rapidly, especially for genes involved in precisely timed developmental processes such as neurogenesis (Muse et al., 2007; Zeitlinger et al., 2007) , and the Mediator complex is involved in pause release (Takahashi et al., 2011) . Based on our data showing the temporally specific reduction of tbx2b expression in med12 mutants, we propose that the Mediator complex releases paused RNA Pol II at the tbx2b locus during parapineal specification, thus rapidly activating tbx2b transcription. In med12 mutants however, tbx2b cannot be activated in a timely fashion for parapineal development because of delays in the activation/release of paused RNA Pol II on its promoter. In this model, even though tbx2b can be expressed at later stages in the absence of med12, the critical competence window for specifying parapineal fate has passed. Besides tbx2b, we observed an early deficit of the expression of the habenular progenitor marker, dbx1b, in the absence of Med12 activity, suggesting that Med12 also controls the initiation of dbx1b expression during habenular specification. We postulate that Med12 temporally controls the transcription of dbx1b in a similar manner to the tbx2b gene, by engaging a paused RNA Pol II on its locus. The early loss of dbx1b expression in med12 mutants could be detrimental to the specification of habenular neurons and their subsequent differentiation, despite the reappearance of dbx1b at later stages (Fig. 3) . Overall, our data suggest that Med12 functions as a "molecular switch" that control the timing of a group of regulatory genes (likely TFs) that coordinate the development of the epithalamus, both the pineal organ and the habenula, in a synchronized and accurate manner. Moreover, recent evidence suggests that Med12 (or Mediator) is involved in large-scale 3-D organization of the genome that coordinates gene expression during lineage commitment (Phillips-Cremins et al., 2013) . As demonstrated successfully in ES cells (Kagey et al., 2010) , we propose that a ChIP-seq analysis of Med12 as well as an examination of genome architecture in WT and med12 mutants will be fruitful in understanding the orchestration of development in interconnected regions of the brain.
